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SUMMARY

This paper presents the results of two studies, aimed at
understanding the baslic mechanlsms causing self-sustained flame
oscillations. One study concerns the oscillations of a pre-
mixed flame in a forced-convective boundary layer of a conm-
bustible mixture flowing over a heated surface. Another study
deals with the oscillations of a diffusion flame around a
simulated fuel droplet in a natural-convective boundary
layer. In both cases, the results obtained indlicate strongly
that the onset of the self-sustained flame oscilktions is
cdue to the instability of travelling Tollmlen-Schlichting
waves -=-- the same mechanism which leads to the onset of

transition from laminar to turbulent flows.
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INTRODUCTION

The problem of combustion instability has intrigued
researchers for many years. Although much progress has been
achioved during the past decade through inteasive effort in
research and development, several fundamental questions
still remain unresolved. One of these questions relates to
the triggering mechanisms which lead to the onset of acous-
tic oscillations in a combustor. Another of equal importance
is concerned with possible interactions of the acoustic os-
cillations (once triggered) with the triggering mechanlams,
With an objective of answering such aad related questions,
& research program has been started at the Massachusetts
Institute of Technology. This paper presents some ol the

results obtained in this progranm.

The first phase of thia program has been devoted to two
studies, both aimed at understanding the basic mechanisms
causing self-gustained flame oscillations. One atudy con-
carns the oscillations of & premixed flame in a forced-con-
vective flow of a combustible mi:ture over a heated surface.
Another study deals with the oscillations of a diffusion
flamo around a simulated fuel droplet in a matural-convece
tive flow., In both cases, the results obtained indicate
strongly that the onset of the self-sustained flame oscil-
lations is due to the instability of travelling Tollmien-
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Schlichting waves =-- tho sams zechanism which leads t3 the
transition from laminar to turoulent flows.

Current study on diffusion flemes burning at differont
positions inside of a vertical glass duct demonstrates viv-
'1d1ly the strong interactlions betwevn acoustic and flame os-
cillations. Theso results suzzost the rolevancy of the sclf-
sustainad flaze oscillatlons as one important triggering
machanisa ol acoustic osaillations. The detalls of this

study, however, will be presented in another publication.




SELF-SUSTA INED OSCILLATIONS OF A PREMIXED FIAME IN
A PORCED-CONVICTIVE PLOW

In conjunction with the atudy of the mechanism of
flame holding in a forced-convective boundary layer adja-
cent'to an igothermal flat plate, the premixed flame has
been found (by the use of high-speed motion photography)
to oscillate at a woll-defined frequency under most of the
experimontal conditions. Purtharmore, the spesds at which
the flame advances upstream and retreats downstream, and
the amplitude and frequency of the oscillation depend on
the flow conditions, including the free-stream velocity of
the combuatible mixture, the surfacs, temperaturs of the
flat plate and the relative confinoment of the flow as con-
trolled by tho length of another plate opposite to the 1s0-
thermal surface. Tho detalls of this study have boen reported
recently by Wu and Toongl. Por ressons of space, thorefore,
only the important findings will be presented hore.

The test sectlion of the combustion tumnel is one inch
square and four inches long. A flat plate, which serves as
one of the walls of the test section, is heated externally
to a uniform temperature by 32 electrical heating elements.
The temperature distribution cf ths plate is measured by
nine thermocouples embedded in 1t., A suction slot is pro-
vided in the plate just downstream of the entrance to the
test section, and the plate 18 cooled upstreaa of this slot.
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Thucz, both the velocity and thermal boundary layers begin

to grow at the Qlot. The two walls cf the test section ad-
Jacent to the heated plate are transparent so that photo-
graphlc techniques can be employed to study tho flamo oscil-
lations. These two walls are also provided with air films

to mininlze three-dimenasional effects. The fourth wall OppoO=-
sito to the 1sothermal plate can be varied in length to con=
trol the confinement of the flow and the flame,

A stolchlometric mixture of ethanol and ai? was used
throughout thev experiments and all tests were conducted at
etnosphoric pressure, High-speed wmotion plctures (taken
under various oconditions at approximately 1000 frames ner
second) provide insight into the oscillating phencmonon.
PLg. 1 shows consecutlve frames of a typical oscillstion
cyclo and Fi1g. 2 shows the corresponding plot of the posi-
tlon of the upstreamemost tip of the oscilllating flame ver-
sus t.me, immediately after ignition by means of a spark plup
located at the tralling edgo of the heated plate. As the
mixture was ignited, the flame propagated upstream to the
foronost position of the oscillating mode at a relatively
hfzh speed of 16.8 rt/sec. Tils speed far exceeds the lami-
nerpropagation speed of a stoichiometric ethancl-air flame

near & heated plate "f the surface temperature of which is

¥ casured values of flaze-propagatlion apced of this mixture
in a heated laminar boundary layer have been reported by
Toonz, ot al.
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only 623° P, (thus suggesting the possible presence of tur=-
bulence in the neighborhood of the propagating flame to
eugnmont the propagation specd). After the flame reachod 1its
foremost position, the oscillation pattern was irmecdiately
establ’shod and repecated itsolf exactly at each cycle, un-
like the ordinary gecond-order oscillatioa system which
usually overshoots when it is underdamped. The flame was
clearly seen ffom the motion pictures to be propagating
tarough the boundary layer. Under the conditions spocified
in Pigs. 1 and 2, the oscillation frequency was 1ll.5 cps,
the axplitude wes 0.90 inch, the maximum flame advaunce speed
was 3.96 ft/sec and the maxirmum flame rectreat speed was 2.50
f£t/s8sc.

A Mechanism of Flame Oscillations

The oscillation phenomenon described earlier and repra-
sented Ly typical figures like Figs. 1 and 2 is quite repro-
Gucible, Purthermore, the amplitude and frequency of the flane
o;cillationa and ths flame advance and reireat speeds depond
definitely on the flow conditlons, including the free-stream
velocity of the combustible mixture, the surface temperatnre
of the flat plate and the relative confiuement of the flow
as controlled by the lsngth of the plate oppoaite to the
flat plate. (These results are sumnarized in Teble 1.) Thus,

1t 1s conceivable that tho observed oscillation 1s an in-
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horcnt characterlstic of the flemo held in a boundary layer
(slaiiar to that in a flow vehind a cylinder with eddles
shocding alternately on each side).

The mechanism postulatod to oxplain these self-sustainad
oscililations 1s based on tho theorles of boundary-laysr in-
stabllity, flame propagcation and flane holding. According to
tho theory of béundary-layor instabilityB, the onsot of the
transition of a laminar boundary layer to turbulence 1is
caused by the amplification of travelling (Tollmien-Schlich-
ting) disturbance wavea when tte Reynolds number excceds a
critical value. Furthermore, it 1s found that this critical
Reynolds number decreeses in the presence of an acdverse
prassure gradient or a heated wall. In other words, the lam-

irar boundary layer becomes more ucstable under these cope
éitions.

According to the equilibrium tneory of flame holding in
& boundary laycr edjacent to a smooth surface, a stationary
flame 1s obtained at a position where the tendency for the
flame to propagate at the local buraing velocity is in
stable equilibrium with the fluid motionu. Thus, the flame
front must essume & blunt-noso shape 1a the boundary layoer.
Due to the adverse pressurc gradlent upstream of the flame
esszocvlated with this srepo, the unburned nmixture apprcaching

the nose 1 retarded, deflected to the sides and finally
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passed through the flame and burned. Thias adverse prassure
gradient also makes a laminar flow highly unstable and leads
to the growth of disturbance waves if the Reynolds number
corresponding to the flamo position is larger than the crit-
“1cal value. Acocording to the theory of flame propagation,
the growth of such disturbances would give risse to an in-
crease in the flamo propagation speed due to augmatation of
rates of transport processes involved, The resulting unbal-
ance between the flame propagation and the fluld motion
causes the flame to advance upstroam to a reglon of lower
Roynolds purber --= a region whoere the amplitudes of the
disturbance waves are amaller {or negligible) amd the cor-
responding increasse in the flame propagation speed is also
sualler (or negligible). However, this is also a region
where the velocity gradient of the unburned mixture at the
wall 13 larger. Thus, the unbalance between the fluid mo-
tion and the flame propagation may reverse itself. As a
rosult, the flane advance 13 slowed down, stops and even-
tually occurs in the opposite direction (or the flame re-
trcatz). As the flame retreats downstream to a region of
higher Reynolds number, the disturbance waves grow. The
accompanying incroaso in the flame propagation speed coupled
with a decrease in the boundary velocity gradlent at the

flamo position would slow down the flame retreat, bring 1t
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to a stop, and eventually make the flame advance upstreaz:.

o this manner, the cycle repests itsclf,

Supporting Evidences

A <¢lroct and critical test of the postulated machanism
duscribed 2bove would be the promence of the disturbancs waves
upsireem of the oscillating flame, however, iis detcctlon is
rather Cifficull, Hot-wire onsmometry i& not practical in tho
present sltuatlion because the flame would burn up the fine
wire £rd the probe would not be able to follow physically
tho oszeillating flamo, Schlicren photography also proved to
bo not applicable, because the roglon where the small disturbe
ances war~ llkely to be presnnt was ovarshadewed by the strong
density rreclent near the flame froant and the hested plata,
Nevertr2loss, experiments have been performed to provide sup-
porting ovidences to the poatnlated wechanism. As thu altor-
nato advance and retreat of the flame are due to the alternate
growih and danping of the cdicturbance waves in tho bounda:ny
laysr, such osclillations can be eliminated should the disturd-
anccs not be allowed either to grow or to be damped., Experi-
nonts were thus deslipnod accordingly to break up the links
involved in the oscillation machanism,

It res been noted earller in conjunction with the theory
of boundary-layer 1nstability that the disturbances wouid not

grow 1f the Reynolds rumbor corresponding to the equilidbrium
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flamo position 1s laps than the critical value. Under such
conditions, according to the postulated mechanism, the flame
should bo stationary. As the critical Reynolds number in-
croases when the surface temperature decreases with respect
to the freestream temperature, it is possible to obtain a
stationary flame adjacent to & cooled wall, This has indoed
been observed when the free-stream velocity was L.l ft/sec
and the free-stream mi surface temperatures were, respective-
1y, . 118 and 92 deg P. Under such conditions the flame

stad still at a diatance of 0.7 inch from the suction slot
with & corresponding length Reynolds number of 1270. Since
there 1s no provigion for cooling the flat plata in the
present apparatus, 1t is difficult to obtain a statlionary flame
under widely different test conditions. However, such statio-
nary flames have been observed more readlly in the apparatus
of Hottel, Toong and Hartius by the use of a water-cooled
golid boundary as a flame holder,

Another series of experiments has been performed in
which disturbances of high-enough intensity were triggered
and maintained by placing a wire upstream of the flame.

The wire was first introduced against the isotheriial sur-
face, normal %o the flow direction and downstream of an
oscillating flame, It was then moved slowly upstream. As

soon as the flame touched the wire, it immediately attached
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1ts561f to the wire and would no longer oaclllate. As the
wire roved further upstream, the rilame first remained
attached to the wire, then developed seemingly a tendency
to detach 1%ts0lf from the wire and fipnally fumpod back o
a posltion about 3/6 to 1/2 inch downstream of the wire.
Ths most lnteresting obsorvation was that the flame wasg
vory staaly at this location, This evidence demonstratos
vividly that the osclllatlon mechanlem tas been destroyed
5y the disturbances generatod due to tre presence of the
wire. As the wire was moved further upstreamn, localized
turbulence was damped due to the low value of the Reynolds
nuztor in this region and the flame resumed its oscillations.
Wlres ol different slzes wsre tried and the same general
phonozesa were observed. When the wire dlameter was very
small, however, 1t was not possible to maintain a station-
ary flazo immedlatsaly downstream of the wire, because
the disturbance so generated was too small to be effective,
Tho above two series of experiments (iovolving ths use
v a cooled wall and a wire) indicate that a stationcry
iaze can be obtalnod 1f some lirks in the oscillation

iiechuanisma are broken, These resulta seem %o lend strong

cupport to the valldity of the postulated mochanism. Further-

“oro, the depondence of the advance speed of the osciila-
tinz flamo on the plate temperature and that of the retreat

specd on the free-stream velocity of thoe combustible rilxe




ture and the relative flow confinemsnt as controlled by
the longth (L) of a plate opposite to the isothermal sur-
face (&8 shown in TecSle 1) can all be explainod by the use
of the postulated mechanisz:. Interested readers may fiad
such detalled explanations in the afore-mentioned paper of

Wu and Toongl.

SEL#-SUSTAINZD OSCILLATICNS OF A DIFFUSION FLAME IN
A NATURAL-COUVECTIVE FLOW

The maechanism which leads to the onset of the solf=-
sustained oscillations of a diffusion flame around a simu-
lated fuel droplet has also been investigated. To permit ra%her
detalled aiudlss of the instability mechaniam and a compari-
son of the theoretical and experimental results, a tﬁo-di-
mensional (cylindrical) model was choser to simulate a fuel
droplet. Fuel (elither liquld ethanol or gaseous propane) is
Jupplied under constant pressure to the interior of a
hollow, porous, ceramioc cylinder such that 1t passes through
the porous wall and burns (ip a naturaleconvective flow
field) in a manner similar to a fuel droplet. Detsils of
tnis study will be presented in another paper6. Again, for
rcasons of space, only the lmportant findings will be

civen in this review paper,
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The osclillatioas observed are characterized by period-
ic lungthening of the flame, necking in the region below
the flame tip and subsequont separation of the flams tip
from the maln body of the flame surrounding the fuel cyline “
der. Such a sequence 1s shown in the direct photograpns of
Plg. 3. Schlieren motion pictures taken with a stroboscopic.
light source and a streak camera are reproduced in Fig. l.
These plctvres show clearly the psriodic formation of
"cusps" at the outer edge of the thermal boundary layer sur-
rounding the flame and the continued movement of these

cusps downstream after they are formed.

A Hechanlsm of Flame Oscillatilons

The cusps noted above In the schliwren motion picturos
- rogcmble closely the disturbance waves associated with the
transition of a laminar boundary layer to turbulence and
coem to indicate the presonce of vortices. (Se¢, for example,
the interferograns of Eckert and Soohnghen7 in their:study
of tho stability of a froe-conveoction laminar boundary layer
noxt to a vertical heated plato.) It is well known from tho
theory of boundary-layer instability (as given, for example,
in the work of Kurtzfsthat a free-convection laminar boundary

layer surrounding the diffusion flame is highly unstable be-
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cause of the pragence of an inflection point 1n the valocity
profile. The critical Reynolds numbor would ho furthser pof- 28
duced due to the blowing erfoct3 at the cylinder surface

as a result of injectlion of gaseous propane or evaporation
of 1liquld athanol, Thus, it is quite likely that ths onsot

of the self-sustalned flamo oscillations is due to tho anpli-
ficatlon of the Tollmien-3chlichting disturb.nce waves in

the reglon where the Raynolds number is greater than tho
critical value. Tho finzl 2inito anplitude of oscillation is

arrivod at, of course, as s result of non-linear effocts.

Supporting Evidences

Evidence to support the machanism of self-sustained
flemo oscillatlons postulated above has been provided by
studyinz the wave forma, amplitudes and phaso differences
of the velocity oacillations at various locatlions around a
horizontal burning fuel cylinder with the aid of a hotewire
anemomoter, Fig, 5 shows a reprssentive map of constante
emplitude and constant-phase contours, together with a
profile of the steady componont of the velocity in the natural-
convoction boundary layer and the ocutermost outlines of the
therral boundary layer at various times of an oscillation
cycle as taken from Fig, ;. The phase differonces pressnhted

in Fig. 5 clearly show the downstream (or upward) propaca=
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tion of a disturbance, the wave length of which (approxi-
mately 2-1/L to 3-1/2 inches) is much smaller than that
assoclated with an acoustic disturbance of the obsarved
frequency of about 10.2 cps. For this case, the phaso veloc-
‘1ty of the disturbance wave 1s abovt 2 to 3 ft/sec rathor
than the speed of sound, Furthermore, as suggested by the
theory of bouadary-layer 1instability, this phase velocity

i1s roughly ogual to the maximunm steady velocity in the
boundary layer.

Approaching the cylinder from far upstream, the ampll-
tude of the velocity oacillations first increases slowly as
shown in Fig. 5. Close to the flame, however, and espacially
near the upstream half of the cylinder, the amplitude 1n-
crocasos very rapidly. In the noighborhood of a locatlon
corresponding to 0.3 lach to the right and below the oricin
of Fig. 5, the amplitude increases by a factor of é in less
than 1/8 fuch. Such rapid growth may be an indication that
the distubance wave starts to be amplified somewpero noar
the upstream half of the cylinder.

It is interesting to note also the rapld decrsase of the
amplitude in a direction away from the cylinder normal to
the propagation in a manner closoly resemblirg that suggested

by the theory of boundary-layer instability.
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By tha use of a particle-track technique, the moan
velocitios induced by natural coanvectlon in the nelghborhood
of tha oscillating flame have been obtalned. A typical pro-
flle of such velocittes 1s shcwn in Piz. 5 at 90 degrees frca
the unsiream stagnation pnint of the cylinder. The volocity
profiles are comparei with those in the neighborhood of a
horizontal heated cylindor and of a vertical heatsd rflat
plate in a gravitational fi1eld, Although the maynitudes of
the veliocitlss are greatly increased as the result of come
tustion, the profiles are almost 1datical when they ara
plotted in a non-dimensional manner. As the instanility
characterlstics of a boundary layer depends very much on the
shape ol the velocity profile, ths similarity of these pro-
filee with and without corbution suggests Shat it might be
a [ood approximation to predict the wave length and the

requeney of the disturbance wave which would be observed
for the case with combustion on the basis of a theoreticsl
study of the stabllity of a natural-convective boundary leyer
adjacent to & hoated vertical-plntes. Indeed, the predicted
end the observed values agree quite well, Interested readers
rcy fiad such detalled comparisons in a paper by Twong,
Lnclerson and Stoprordb.

The offects of the cylinder diemeter, the type of fuel

end the suparimposed forced-convection velocity(onto the
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naturaleconvectivo flow) ca the oscillation frequency of a
éiffusion flame surrounling a singie, horizontal, burning
fuel cylinder have also been investicated. The results are
summarized in Fig, 6. The frequency 48 found to dncrease with
docreasing cylinder diametsr and with increasing mean freec-
stream velocity, and to remain the sams whether the fuel
used 1s liquid ethanol or ganseous propane. As the use of a
caseous fuol eliminates the coupling between mazs and heat
transfor through evaporation st the liquidevapor interface
noar the cylinder wall for the case of a liquid fuel, the
last obscrvation mentloned above Iirmedlately rules cut: the
pocsibllity that the onset of the self-sustained oscilla=~
tion 13 due to such a coupling.

The effocts of the cylinder dilameter and the super-im-
poscd forced-convection velocity can also be explained qual-
tatively by the use of the postulated maechanism of insta-
b1lity. Howover, the atrong support of the validity of this

rnechaniam comes from the results shown in Pig. 5.

Interactions Between Two Fuel Cylinders

As a first step leading toward a study of the triggering
of acoustic oacillations by fleme oscillations and of the
effects of acoustic oscillations on the triggering mechaniems,
the interactions betwecen two burning fuel cylinders have
been investigated. Fig. 7 shows the effect of spacing be-

.17.
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tWween two parallel horlzontal cjlinders on the fraquency of
tho scllf-gustained flame oscillations. At lurgs gpacing-to-
dianetor ratlos, (say, D/¢>- 106,) the flsmes surrounding the
two cylincors oscillata iadependent of esch other. The oz-
¢l.lut’ons have random phase differonce and may Jiffor slighte
1y 1n freguency. When n spacing of approximatoly ten dia-
ncterc 1s reachad, the flamas begin to intoract and shair
oscillations occur out of phaga. With further decrozse *n
gpacings, the oscillation fraguency riscs, reaching e ma=imusx
at D/¢ of adbout 3.7, Hewaver, for 3,7 < D/d < 3.9, tuo
digtiret wnoiza of oscillation have bean obsorved., At sasllor

spacince, the higher-Iraquency mode 12 no longer obscrved
s Intarasting to note thot the vigible flare fronss

spaclno-diamcter ratlo of lcrs then 1.9.

The two froguencles observed over the narrow rance of
criticzl spacings are associated with two distinct rodes of
oscillation. The lowsr frequency occurs whea the two flames are

lating In the same mode as that for the flame surrcunding
@ cingle cyliader, The oscillations are in phase, and by 2x-
Linzufshing and relishting the flames 1In varying time sequeonces,
i1t kas been demonstrated that tho interactlons in the flow

fl¢ld Torco tho flames to oscillate togethor. Since the
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frequency of this mode i{s rather insensitive to further de-
croase in spacing, the stability charecteristics of the
boundary-laysr flow on that sids of the cylinder farther from
its nelghbor are probably controlling ths oscillation. When
the two cylinders are very close tczether and the flames be=-
come merged, the fregquency 1s lower thaan that for a single
c¢ylinder. Under such conditions, tha two cylinders bturn like
one of larger dlamo%er. The offect of interaction on frequency
can thus be explaiped by the use of Pig. 6a,

The mode o higher frequency occurs when the two flanes
becoris much shorter and deflected towards each other, tending
to nerge. Direct photographs taken unda thess conditions show
that they are o0scillating out of phase. The increarse in
frequency for this mode of oscillation as the two cylinders
approaca oach other from large spacings can be explained by

moarns o Pig. 6b as the consequance of increased velocity

betwecen tho cylinders.

CORCLUSIONS

The results presented in thls paper indicate that coubdbus-
tion in laminar boundary layers is inherently ungtable 1in st
lacst two cages. In both cases, the onset of the self-

cuctained flame oscillations has been shown to be due to
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the amplification of travelling Tollmien-Schlichting waves —
the camo riechanism which leads to the onaset of transition

from laninar to turbulent flows.
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Up=10.25 ft/sec Frome (-3 1.96m. sec between fromes

Tw=632°F 13-27 7.89m. sec between frames
L = 2in.

FIG.! MOTION-PICTURE STUDY OF A PREMIXED
FLAME IN SELF-SUSTAINED OSCILLATIONS
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FIG.3 DIRECT PHOTOGRAPHS OF A

DIFFUSION FLAME IN SELF-
SUSTAINED OSCILLATIONS
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EXPOSURES . 94m sec
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FIG.4 SCHLIEREN MOTION-PICTURE STUDY OF A DIFFUSION
FLAME IN SELF-SUSTAINED OSCILLATIONS
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